Extensive 5´ untranslated regions (UTR) are a hallmark of transcripts determining hyphal 24 morphogenesis in Candida albicans. The major transcripts of the EFG1 gene, which are 25 responsible for cellular morphogenesis and metabolism, contain a 5´ UTR of up to 1170 nt. 26 Deletion analyses of the 5´ UTR revealed a 218 nt sequence that is required for production 27 of the Efg1 protein and its functions in filamentation, without lowering the level and 28 integrity of the EFG1 transcript. Polysomal analyses revealed that the 218 nt 5´ UTR 29 sequence is required for efficient translation of the Efg1 protein. Replacement of the EFG1 30 ORF by the heterologous reporter gene CaCBGluc confirmed the positive regulatory 31 importance of the identified 5´ UTR sequence. In contrast to other reported transcripts 32 containing extensive 5´ UTR sequences, these results indicate the positive translational 33 function of the 5´ UTR sequence in the EFG1 transcript, which is observed in context of the 34 native EFG1 promoter. The results suggest that the 5´ UTR recruits regulatory factors, 35 possibly during emergence of the native transcript, which aid in translation of the EFG1 36 transcript. 37 38 39 3 IMPORTANCE 40 Many of the virulence traits that make Candida albicans an important human fungal 41 pathogen are regulated on a transcriptional level. Here we report an important regulatory 42 contribution of translation, which is exerted by the extensive 5´ untranslated regulatory 43 sequence (5´ UTR) of the transcript for the protein Efg1, which determines growth, 44 metabolism and filamentation in the fungus. Presence of the 5´ UTR is required for efficient 45 translation of Efg1, to promote filamentation. Because transcripts for many relevant 46 regulators contain extensive 5´ UTR sequences, it appears that virulence of C. albicans 47 48 49 KEYWORDS: Candida albicans; EFG1; filamentation; hyphal morphogenesis; 5´ UTR; 50 posttranscriptional regulation; translation 51 52 Transcriptional networks are known to govern growth and virulence of the human 53 fungal pathogen C. albicans. Transcription factors have been identified that regulate the 54 interconversion between its yeast cell form and a filamentous hyphal form, or the rod-like 55 opaque form. Efg1 is a key bHLH-type regulatory protein that controls hyphal 56 morphogenesis in a dual manner, promoting filamentation under normoxia in the presence 57 of environmental cues (1, 2), but repressing it under hypoxia (3, 4). Its promoting function 58 depends on increased histone acetylation and chromatin remodelling at promoters of target 59 genes (5), which facilitates hyphal initiation; shortly thereafter, however, EFG1 expression is 60 strongly downregulated to prevent its interference with subsequent processes required for 61 hyphal formation (6, 7). Under hypoxia, Efg1 represses the expression of genes encoding 62 hyphal inducers Ace2 and Brg1, thereby downregulating filamentation (8), and it regulates 63 the hypoxia-specific expression of numerous genes. Furthermore, by counteracting 64 expression of WOR1, Efg1 prevents switching to the opaque form and favours the yeast 65 morphology (9). The activity of the Efg1 protein is regulated by posttranslational 66 modifications including phosphorylation by cAMP-dependent protein kinase A (PKA) in 67 response to environmental cues (10, 11). The overall activity of Efg1 is required for biofilm 68 formation (12, 13, 14) and virulence (2) of C. albicans. 69 In eukaryotes, the level, processing, localization and/or structure of the primary 70 transcript determine the initial amount of the encoded protein, which is subsequently 71 lowered by different rates of proteolytic degradation. Some of such posttranscriptional 72 processes and their underlying mechanisms have been described in C. albicans to regulate 73 levels of proteins including transcription factors (15, 16). Transcript degradation involves 74 poly(A) tail removal by deadenylase subunits Ccr4/Pop2 (17), hydrolysis of the 5´ cap by 75 5 decapping activators Dhh1/Edc3 (18), decapping enzyme Dcp1 (18) and mRNA digestion by 76 exonuclease Xrn1/Kem1 (19, 20). RNA binding proteins Puf3 (21) and Zfs1 (22) also appear 77 to be involved in decay of transcripts. Mutants lacking these degradative activities show 78 defects in filamentation and/or biofilm formation, although specific targets have not yet 79 been defined. The specific degradation of the transcript encoding Nrg1, a strong repressor 80 of filamentation, was described to depend on an antisense transcript that originates from 81 the locus encoding the Brg1 hyphal activator (23). The localization of transcripts also 82 regulates filamentation of C. albicans, as was shown for the She3 protein that binds several 83 transcripts involved in filamentation and transports them to the bud site of yeast cells or to 84 the tips of hyphae (24); the Sec2 protein operating at the hyphal tip appears to specifically 85 localize its own transcript to this location (25). It is assumed that localized translation 86 procures directed delivery of such proteins to their sites of action. In recent years, the 87 localization, degradation and/or translation of certain transcripts was found also to depend 88 on promoter sequences, suggesting that already during transcription, regulatory factors for 89 these functions may become loaded onto the emerging transcript (26-28). 90 The structure of the 5´ UTR of transcripts controls translation in eukaryotes. Strong 91 evidence supports the importance of AUG context sequence on translational initiation (29, 92 30). Upstream open reading frames (uORFs) within the 5´ UTR can control translation of the 93 downstream main ORF (31), as has been described for the C. albicans GCN4 gene that 94 regulates the amino acid starvation response, as well as filamentation and biofilm formation 95 (32). Cap-independent translation that is initiated at internal ribosome entry sites (IRES) has 96 been described for gene transcripts responsible for invasive growth in the yeast S. cerevisiae 97 (33). In addition, 5´ UTR sequences may contain binding sites for binding proteins that 98 facilitate localization (34) and potentially translation of transcripts. In C. albicans, the 99 6 Dom34 protein, known for its general role in no go decay of mRNAs, was also shown to bind 100 the 5´ UTR of specific transcripts encoding Pmt-type mannosyl transferases and favour their 101 translation (35). Similarly, the Ssd1 RNA binding protein may positively affect translation of 102 specific sets of transcripts involved in cell wall integrity and polarized growth (36, 37). 103 Remarkably, many transcripts encoding essential regulators of cell morphology contain 104 extensive 5´ UTR regions including UME6 (3041 nt), CZF1 (2071 nt), WOR1 (2978 nt) and 105 EFG1 (1139 nt of long transcript) (38). The long 5´ UTRs of UME6 and WOR1 genes were 106 recently shown to downregulate translation of their transcripts (39, 40), possibly by forming 107 a tight three dimensional structure that blocks scanning by ribosomal 40S subunits. In both 108 cases, regulated release of translational blockage may be mediated by host environmental 109 cues that alter the 5´ UTR structure (41), e. g. in the presence of specific RNA binding 110 proteins. Non-native, functional expression of EFG1 has been achieved by placing the EFG1 111 ORF (without the 5´ UTR sequence) downstream of the heterologous C. albicans PCK1 and 112 ACT1 promoters (1, 3, 42, 43). Here we report that the extensive 5´ UTR of the major EFG1 113 transcript nevertheless has a significant positive role for the functional expression of the 114 EFG1 ORF. A specific sequence within the 5´ UTR is required to stimulate translation of the 115 EFG1 transcript, to permit efficient hyphal morphogenesis. 116 7
ABSTRACT depends on the combination of transcriptional and translation regulatory mechanisms.
Introduction
surfaces, their filamentation is derepressed (4). This dual function of Efg1 as activator or 141 repressor of morphogenesis becomes apparent during surface growth of cells under hypoxia 142 (0.2 % O 2 ) at either 25 °C or 37 °C (Fig. 2) . Cells carrying at least one functional EFG1 allele 143 are able to filament at 37 °C but not at 25 °C, while non-functional alleles are 144 hyperfilamentous at 25 °C, but not at 37 °C. The only exception to this pattern, as described 145 previously (8), is mediated by the HA-EFG1 allele, which promotes hypha formation at 37 °C 146 but lacks repressor function at 25 °C, thus leading to filamentation under both 147 temperatures. 148 EFG1 alleles containing either the full-length 5´UTR (R-UTR) or deleted alleles ∆SN-149 UTR, ∆NH-UTR, and ∆sUTR were fully active in promoting filamentation at 37 °C and 150 repressing it at 25 °C (Fig. 2) . Because deletions in these alleles encompassed a small uORF 151 sequence, it appears that its presence is not required for hypha formation. In contrast, 152 alleles containing ∆L-UTR, ∆NH2-UTR and ∆Hpa-UTR performed as non-functional EFG1 153 alleles that did not stimulate filamentation at 37 °C, but allowed strong filamentation at 25 154 °C. The latter alleles were all lacking the 218 bp HpaI fragment that was solely deleted in the 155 ∆Hpa-UTR allele. To confirm these results, the function of the various alleles was also tested 156 under normoxia using liquid induction medium containing 10 % serum at 37 °C, which Deleted 5´ UTR alleles do not lower EFG1 transcript levels 164 To clarify the reasons for the inactivity of EFG1 alleles in cells lacking the 5´ UTR 165 completely (∆L-UTR) or partially (∆Hpa-UTR), EFG1 transcript levels were determined by 166 qPCR. Both shortened alleles resulted in significantly elevated transcript levels, compared to 167 wild-type cells (EFG1/EFG1), or to cells expressing the R-UTR allele containing the full-length 168 5´ UTR ( Fig. 5 A) . The observed increase was highest in cells pregrown for 12 h in YPD (t = 0), 169 but clearly apparent also after short term growth for 2 and 4 h. It can be concluded that the 170 low Efg1 activity of the ∆L-UTR or ∆Hpa-UTR alleles cannot be explained by lowered EFG1 171 transcript levels. To verify that the respective transcripts were intact, cellular RNA was also 172 examined by Northern blotting. As expected, wild-type cells and cells containing the R-UTR 173 allele contained an EFG1 transcript of about 3.2 kb (6, 42, 44), while the efg1 mutant was 174 lacking this transcript ( Fig. 5 B) . Remarkably, the mutated alleles encoded EFG1 transcripts 175 with sizes reflecting the extent of 5´ UTR deletions, i. e. the size of the transcript encoded by 176 the ∆Hpa-UTR allele was only slightly reduced, while the ∆L-UTR transcript was shortened to 177 about 2 kb, approximating the size that occurs in opaque-type cells (42, 44). These results 178 indicate that the EFG1 transcript encoded by the inactive, deleted 5´ EFG1 alleles is not 179 differentially processed or degraded. 180 181 Efg1 protein produced by deleted 5´ UTR alleles 182 To verify Efg1 protein levels produced by the deleted 5´ UTR alleles, cell extracts 183 were analysed by immunoblotting, using an anti-Efg1 antiserum described previously (7, 184 45). The Efg1 protein was detected strongly in wild-type cells (carrying two EFG1 alleles) and 185 also, with reduced intensity in cells carrying a single R-UTR allele containing the full-length 186 5´ UTR (Fig. 5 C) . In contrast, no Efg1 protein was observed in cells expressing the trucated 187 5´ UTR versions ∆L-UTR, ∆Hpa-UTR or ∆NH2-UTR, which are functionally inactive. It can be 188 concluded that the latter alleles do not produce significant amounts of Efg1 protein, in spite 189 of expressing high EFG1 transcript levels. 190 191 Truncation of the 5´ UTR deletion reduces translation of EFG1 192 The above results had suggested that the 5´ UTR of the EFG1 transcript contains a 193 218 nt sequence corresponding to the small HpaI fragment of the EFG1 upstream region, 194 which is required for efficient translation of Efg1. To test this hypothesis polysome analyses 195 were carried out using cellular lysates of strains expressing EFG1 alleles containing the full- 
ORF-independent function of the 5´ UTR sequence
The observed positive effect of the 5´ UTR of the EFG1 transcript on its translation 211 could either operate independently, or dependent on its native context upstream of the 212 EFG1 ORF. This possibility was examined by replacing the EFG1 ORF in control strain PDUWT 213 (efg1/R-UTR-EFG1) by the heterologous CaCBGluc sequence that encodes click beetle 214 luciferase (46); thereafter, the resulting strain EFG1GN contained the allele EFG1p-R-UTR- 215 CaCBGluc. Likewise the EFG1 ORF was replaced in strain PDUHH (efg1/∆Hpa-UTR-EFG1), 216 resulting in strain DUTRinEFG1GN containing allele EFG1p-∆Hpa-UTR-CaCBGluc. As controls, 217 the CaCBGluc gene was also used to replace one allele of the ACT1 ORF in both PDUWT and 218 PDUHH, generating strains ACT1GN and DUTRinACT1GN that both carry the ACT1p- 219 CaCBGluc fusion. CaCBGluc transcript levels driven by the ACT1 promoter were similar in 220 strains ACT1GN and DUTRinACT1GN, as expected ( Fig. 7 A) ; correspondingly, luciferase 221 activities were nearly identical ( Fig. 7 B) . Under control of the EFG1 promoter that was 222 joined to the intact 5´ UTR (R-UTR), the CaCBGluc transcript level was about 5 fold higher as 223 compared to its junction to the deleted 5´ UTR sequence (allele ∆Hpa-UTR), suggesting that 224 truncation of the 5´ UTR lowers transcript stability. It should be considered here that 225 negative autoregulation known for the EFG1 gene ( Fig. 5) The dual activity of Efg1 as an activator and repressor of transcription requires 235 proper timing and targeting of its activity. Although Efg1 is required to initiate hypha 236 formation under normoxia (1,2), its prolonged activity interferes with orderly filamentation 237 (6, 7). Under some hypoxic conditions, Efg1 is not an activator, but an efficient repressor of 238 hypha formation (3, 4). Efg1 induces genes specific for the yeast (white) growth form, but by 239 repressing WOR1, it prevents the rod (opaque) growth form (9). In metabolism, Efg1 induces 240 genes involved in glycolysis, but it also represses genes in oxidative metabolism (3). 241 Furthermore, Efg1 induces and represses hypoxia-specific genes, and it prevents 242 inappropriate hypoxic regulation of genes not normally regulated by oxygen (4). Efg1 243 activity is hitherto known to be regulated on posttranslational and transcriptional levels. 244 Posttranslational modes of regulation include Efg1 phosphorylation by PKA isoforms (10, 245 11), which may occur directly at target genes (47) or physical association with regulatory 246 factors like Flo8 and Czf1 (45). Transcriptional repression of EFG1 expression is mediated by 247 Sin3 (6), Wor1 (9) and also by Efg1 itself (6,7), causing negative autoregulation that prevents 248 an overshoot of Efg1 activity. EFG1 activation is mediated in an environment-dependent 249 manner by Brg1, Bcr1 of Ace2 (8). Here, we report a novel mechanism regulating Efg1 250 biosynthesis on the translational level. 251 We present evidence that a 218 nt sequence of the 5´ UTR of its major transcript is 252 required for Efg1 protein production. Because of negative autoregulation of EFG1 (6, 7), 253 transcript levels of the 218 nt deletion variant were even increased, but still did not yield On the other hand, the 5´ UTR structure of several human gene transcripts are known to 291 mediate translational control that is essential to prevent several serious diseases (51). The 292 function of 5´ UTR binding proteins is possibly related to the regulation of ribosomal 293 assembly at the AUG initiation codon. Interestingly, the recruitment of regulatory factors to 294 transcripts may not only depend on 5´ UTR or other transcript sequences, since promoters 295 also can provide regulatory proteins that control the degradation, localization and 296 translation of transcripts (26, 27). It has been suggested that such proteins may be loaded 297 onto the mRNA near its 5´ end early in transcription (28). Such a mechanism could also be 298 operative for the EFG1 5´ UTR, because its positive effect was only detected in the context 299 with its native upstream promoter sequences, but not with heterologous PCK1 and ACT1 300 promoters, which were able to drive functional expression of the EFG1 ORF lacking the 5´ 301 UTR (1, 3, 42, 43). Although the functional interplay of promoter and 5´ UTR sequences 302 remains to be established, it is possible that EFG1 promoter sequences support the action of 303 the 5´ UTR in translation, e. g. by transcript loading with positively-acting translation factors. 304 Several other mechanisms explaining the regulatory function of the 5´ UTR sequence in the major EFG1 transcript are possible. Internal ribosome entry sites (IRESs) have not only been 306 described for viral transcripts or genomes, but also for translation of yeast genes involved in 307 responses to starvation, which require IRES sites within transcripts (33). uORF sequences 308 can occupy 5´ UTRs and contribute to regulation of eukaryotic translation (31). In C. 309 albicans, for example, an uORF regulates translation of the GCN4 transcript (32). We 310 identified a short uORF with an AUG start codon in the 5´ UTR of EFG1 in the C. albicans 311 strain ATCC2013. However, this uORF does not appear to be relevant, since it does not occur 312 in the EFG1 5´ UTR of strain SC5314 and its deletion did not influence functional expression 313 of EFG1 in strain ATCC2013. However, it should be considered that in the yeast S. cerevisiae 314 translational initiation has been observed also at non-AUG codons, especially at UUG and 315 GUG (52) and the use of GUG for translational initiation in C. albicans has already been 316 reported (53). Interestingly, assuming that UUG can be used for translational initiation in C. 317 albicans, two uORFs placed side-by-side are predicted within the 218 nt regulatory 318 sequence of the EFG1 transcript ( Fig. S1 ). These uORFs could potentially encode peptides of 319 53 and 29 amino acids, respectively. In general, however, uORFs are known to negatively 320 influence the translation of ORF sequences that are situated immediately downstream, 321 rather than acting positively as in the case of the EFG1 ORF (31). Since all identified uORFs 322 also terminate in the 5´ UTR of EFG1, a potential translational read-through generating an 323 extended Efg1 protein, as has been observed for Myc (54), can be excluded. Whatever the 324 underlying mechanism of regulation by 5´ UTR sequences maybe, it may be relevant for a 325 significant number of virulence-related C. albicans genes that carry extensive 5´ UTR 326 regions. It can also be speculated that such processes may become new targets for 327 antifungal compounds.
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Strains and media. Strains used in this study are listed in Table S1 . Strains were grown in (Table S2) (1: 5,000) (8) or anti-histone H4 (Abcam; 1: 5,000) to detect histone H4 as loading control. 391 Anti-rabbit-IgG-HRP conjugate (1:10,000) was used as secondary antibody in all blottings. 
